Introduction
Most acute coronary syndrome (ACS) disorders occur as a consequence of atherosclerotic plaque rupture. Since identifying coronary plaques at risk of rupture is yet to be established ( Fig. 1) , Framingham cardiovascular risk scores based on traditional risk factors have been widely employed for detecting vulnerable patients with a risk of ACS [1] [2] [3] [4] [5] . However, this risk score remains imprecise in estimating the risk of ACS on an individual basis. Recent rapid progress in imaging techniques has the potential to not only improve our understanding of the atherosclerotic processes leading to ACS but also provide accurate prognostic stratification and improved patient outcomes. Based on technical advances of imaging modalities, clinical interest has developed for prediction of ACS in patients with coronary artery disease beyond the luminal stenosis assessments. In this regard, invasive coronary plaque imaging has become possible using intravascular ultrasonography (IVUS), optical coherence tomography (OCT), and near-infrared spectroscopy. Each approach provides different complementary informa- Coronary calcium can also be quantified more accurately with the calcium mass score 9) and the calcium volume score 10) . In the diabetic population, several studies have pointed to the role of CAC in identifying the actual risk of cardiovascular event 11) . CAC has a major role in evaluating a patient's overall cardiovascular risk [11] [12] [13] (Table 1) , therefore, the use of CAC measurements for risk stratification in the diabetic population is warranted and recommended in the guidelines as a class IIa recommendation 14, 15) . In contrast, a calcium score of zero is a very powerful predictor of event-free survival, and among the asymptomatic population is associated with very lowrisk cardiovascular events 16) . But CAC in symptomatic patients in the emergency department beyond coronary computed tomography angiography (CTA) is not used 17) , since patients may have a CAC of zero but may have severe stenosis resulting from a non-calcified plaque by CTA. In the ROMICAT II trial, 473 low to intermediate symptomatic patients were randomized to CAC scanning using CTA. Among 58% of the population with a calcium score of zero, 0.8% developed ACS. Hence, the author concluded that a calcium score of zero does not completely exclude ACS 17) . Although numerous studies support the measurement of the CT calcium score as a tool for risk tion exposure during a single diastolic acquisition and calcium score adds a new dimension to the identification of high-risk groups (Fig. 2) . Coronary artery calcium (CAC) scoring is extensively used for risk stratification in the clinical setting. The most common method to quantify calcium is the Agatston calcium score. The Agatston score is the most practical coronary calcium scoring system that is determined by the product of the calcified plaque area and the maximum calcium lesion density from 1 to 4 based on the Hounsfield unit (HU) 6) . The density is measured in HU, and a score of 1 is given for 130-199 HU, 2 for 200-299 HU, 3 for 300-399 HU, and 4 for 400 HU and greater. This weighted score is then multiplied by the area (in square millimeters) of the coronary calcification. For example, a speck of coronary calcification in the left anterior descending artery measures 4 square millimeters and has a peak density of 270 HU. The score is therefore 8 (4 square millimeters weighted score of 2). Standardized categories for the calcium score have been developed, with scores of 0 indicating the absence of calcified plaque, 1-10 minimal plaque, 11-100 mild plaque, 101-400 moderate plaque, and 400 severe plaque. With the revolution of CT scanners, the measurement of CAC using new machines has been validated in several studies 7, 8) . 
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improving risk prediction, while identifying that lower-density lesions are more vulnerable and highdensity lesions represent more stable plaques.
Contrast-Enhanced CTA
Coronary CTA has become a widely adopted technique due to its high diagnostic accuracy and comprehensive evaluation of the coronary plaque burden. In clinical settings, coronary CTA is mainly used in symptomatic subjects at moderate risk according to the Appropriate Use Criteria 26, 27) . The 64-detector row scanners are now considered to be the minimum requirement for coronary CTA. In a meta-analysis with 64-detector row scanners, per-patient sensitivity was 99%, specificity 89%, positive predictive value was 93%, and negative predictive value was almost 100% 28, 29) . Coronary CTA can characterize not only stratification [18] [19] [20] [21] [22] , CAC scans to reflect treatment effects are inconclusive. A chronological change in calcium scores did not predict cardiovascular events after adjusting for the baseline calcium score. The prospective randomized Beyond Endorsed Lipid Lowering With EBT Scanning Trial compared the use of atorvastatin 80 mg with pravastatin 40 mg and found no significant difference in the progression of coronary calcium volume after one year (15.1% and 14.3%, respectively) 23) . IVUS studies showed that calcified plaques are less likely to be influenced by medical therapies 24) . Thus, a calcium score does not seem to be useful in assessing plaque regression. A recent study using the Multi-Ethnic Study of Atherosclerosis demonstrated that density of calcium is inversely correlated with cardiovascular events 25) . This strengthened the predictive power of the CAC score fourfold, ing and low-attenuation plaques, were associated with the subsequent development of ACS 37) . In this study, the percentage of patients with these two features who subsequently developed ACS was 22.2%, compared with only 3.7% of patients with only one feature and 0.5% of patients with neither positive remodeling nor low-attenuation plaques. More recently, the same authors reported that in 3,158 patients with a mean follow-up of 3.4 2.4 years, CTA-derived high-risk plaques characterized by positive remodeling with low attenuation were an independent predictor of ACS. Moreover, in a subgroup of 449 patients who underwent serial CTA, plaque progression was an independent predictor of ACS 38) . The napkin-ring sign (a ring of high attenuation around a coronary plaque) (Fig. 3) , positive remodeling, a low HU plaque, and spotty calcium were associated with ACS independently of stenosis in an analysis of the ROMICAT II trial 39) . Morphological high-risk CT plaque features may also be an indicator of a myocardial injury during percutaneous coronary intervention (PCI). CTA-verified low-attenuation plaques, positive remodeling, and spotty calcilumen stenosis but also plaque components (calcified, partially calcified, or non-calcified) and arterial positive remodeling. Several studies have reported the correlation between coronary CTA plaque features and plaque burden with IVUS [30] [31] [32] [33] . In a meta-analysis, coronary CTA had a good diagnostic accuracy to detect coronary plaques compared with the gold standard IVUS, with an area under the curve for the receiver operating characteristics analysis of 0.94, a sensitivity of 90%, and a specificity of 92% 30) . Hoffman et al. 34) reported that a significantly larger plaque area and positive remodeling were found in culprit lesions of patients with ACS, compared with patients with stable CAD. Positive remodeling has been recognized as a surrogate marker of plaque vulnerability 35) . In a landmark study, Motoyama et al. 36) found that culprit lesions of patients with ACS more frequently had positive remodeling, low-attenuation plaque ( 30 HU), and spotty calcifications. Extending these results, they conducted a large prospective trial including 1,059 patients, and demonstrated that CTAderived high-risk plaques, including positive remodel- ing of the coronary arteries, providing information with respect to luminal stenosis, plaque burden, and high-risk plaque characteristics. In addition to being a less invasive procedure, thereby allowing for repeated examinations, this imaging modality has the advantage of being applicable to the general population. Therefore, non-invasive CMR technology may test the effects of novel anti-atherosclerotic drugs and plaque morphology as surrogate endpoints. This would provide a comprehensive, individualized assessment of coronary atherosclerosis that could be used to improve patient risk stratification and to guide treatment.
Low Intermediated
MRI of Atherosclerosis
Atherosclerotic plaque characterization by MRI is based on the signal intensity and morphological appearance of the plaque on multiple contrast weightings such as T1-weighted (T1W), T2-weighted (T2W), and proton density-weighted (PDW). MRI depicts electromagnetic signals with radiofrequency from protons in a strong magnetic field. In clinical practice, MR mainly visualizes signals from protons in free water, triglycerides, and free fatty acids. Macromolecules such as proteins and cholesterol crystals do not contribute to conventional MR signals, because they have a very short T2. Since atherosclerotic plaques contain only a small amount of triglycerides, their MR images mainly visualize free water. Since calcification does not contain free water and triglycerides, densely calcified tissue appears as dark regions on MRI. On the other hand, MRI cannot identify sparsely calcified tissue because it detects signals from water protons in other tissues, and sparse calcification is masked by the partial volume effect. With MRI, signals from atherosclerotic plaques vary according to the free water concentration or proton density and relaxation time (T1 and T2). MRI can characterize plaque components such as fibrous tissue, hemorrhagic tissue, and dense calcification 45, 46) . Since the advantage of carotid plaque imaging using MRI lies in the combination of multicontrast images, both bright-blood imaging (e.g., time-of-flight [TOF] magnetic resofication have the potential to predict myocardial injury detected by elevated cardiac troponin after PCI 40) . These data suggest that it might be worthwhile to consider the identification of these vulnerable plaques by CTA before PCI. If the plaque has characteristics of low density, positive remodeling, and spotty calcification, a plan for the prevention of post-PCI myocardial injury can be made before the PCI procedure.
Despite significant improvements in image quality of CTA, its spatial resolution has not been adequate and remains one of the major technical limitations of coronary CTA. The spatial resolution of currently available scanners (in the range of 400-600 µm) prevents the detailed assessment of several features associated with vulnerable plaques, as is the case of the evaluation of a thin fibrous cap ( 65 µm) 30) ( Table 2 ). This spatial resolution is significantly worse than that of IVUS (150-250 µm) or OCT (10-15 µm) 41) . Another limitation of coronary CTA plaque characterization is related to the fact that coronary plaque attenuation values are significantly modified by differences in lumen contrast densities, as has been demonstrated both ex vivo and in vivo 42, 43) . This is a very critical issue, because lumen contrast can be influenced by different injection speeds and doses of the contrast agent, scanning protocols, and heart rate; these confounders make it difficult to establish thresholds of CT value for the definition of low-attenuation plaques as a surrogate of vulnerable plaques that can be widely adopted. Therefore, the reproducibility of coronary CTA plaque measurements is not adequate, while many previous studies have reported significant inter-observer variability in the assessment of several coronary CTA plaque characteristics 33, 44) . Moreover, these coronary CTA plaque measurements also depend on mortion artifact, vessel size, and degree of calcification. In the future, improvements in spatial resolution and the development of calcification extraction techniques would contribute in overcoming these limitations.
Magnetic Resonance Imaging (MRI)
CMR offers the promise of radiation-free imag- 51) allowing for high-resolution coronary plaque imaging while breathing freely. To alleviate the need for breath holding, the black-blood fastspin echo method has been combined with a real-time navigator for respiratory gating and real-time sliceposition correction [51] [52] [53] . Although both Botnar et al. and Fayad et al. demonstrated that coronary artery walls are significantly thicker in patients with advanced, lumen-encroaching coronary artery disease 51, 54) , Kim et al. 55) recently demonstrated that freebreathing MRI with isotropic resolution can detect increased coronary wall thickness in patients with early coronary artery disease, when the coronary artery lumen size remains normal.
In an effort to develop non-contrast coronary plaque imaging procedures, Maintz et al. 56) and Yeon et al. 57) were the first to describe coronary plaque imaging with non-contrast T1W imaging. Additionally, in 2007 Koga et al. reported the successful 3D non-contrast T1W imaging of a coronary artery nance angiography [MRA]) and black-blood imaging (e.g., T1W, T2W, and PDW with blood flow suppression) are used to determine tissue composition within the atherosclerotic carotid arterial wall (Fig. 4) . Since TOF MRA, which functions as mild T1W imaging, is used to delineate the lumen shape and internal borders of atherosclerotic plaques, it may be useful in assessing fibrous cap thickness and integrity 47, 48) . Black-blood techniques are designed to suppress the signals from flowing blood with the aim of improving visualization and distinguishing an atherosclerotic plaque from the arterial lumen.
Coronary Plaque Characterization by MR
MR coronary plaque imaging has been challenging due to the small size of coronary arteries, and cardiac and respiratory motion. These two factors had previously prevented the effective imaging of coronary arteries. In 2003, our group demonstrated that visualization of a coronary intramural hematoma with coronary artery dissection is possible with non-contrast T1W imaging (MPRAGE) on a 1.5T MR system 49) . In a landmark study, Fayad et al. 50) were the first to demonstrate the feasibility of in vivo coronary plaque 62) . Forty-one of these subjects subsequently went on to have a coronary event, with the presence of a HIP with higher PMR ( 1.4) acting as an independent predictor on multivariate analysis (hazard ratio: 3.96; 95% confidence interval: 1.92-8. 17) 62) (Fig. 6 ). In addition, Asaumi et al. 63) and Hoshi T. et al. 64) reported that coronary HIPs with high PMR in patients with stable CAD were predictive of periprocedural myocardial injury at the time of PCI. These two recent studies confirmed the results from a study conducted by Kawaski et al. 58) , which indicated the relationship between coronary HIP and the slow-flow phenomenon after PCI. Most recently, Noguchi et al. demonstrated that intensive statin therapy reduces HIPs with high PMR by 19.2% and reduces high-sensitivity C-reactive protein levels 65) . These emerging prognostic data, coupled with the ability to image the entire coronary tree, place non-contrast T1-weighted imaging as perhaps the most promising CMR approach for identifying high-risk coronary atheroma.
We would like to describe non-contrast T1W coronary plaque imaging techniques. According to our MRI protocols, scans in 1.5 tesla and 3 T MR systems proceed in the following sequence: (1) survey scan, (2) reference scan for use in parallel imaging, (3) cine MRI scan to detect coronary artery motion resulting from the cardiac cycle, (4) MRA to identify the severity and the location of atherosclerotic lesions, and (5) plaque using a commercially available 1.5T MRI system (Fig. 5) and they termed the plaques visualized by non-contrast T1W imaging as a high-intensity plaque (HIP). A comparison of CTA and CMR images of the right coronary artery indicates that a plaque with a low CT density value appears with high intensity on non-contrast T1W imaging. Kawasaki et al. 58) systematically evaluated the components of coronary HIPs with non-contrast T1W imaging with the use of CTA invasive coronary angiography, and IVUS. This cooperative study showed that coronary HIPs are associated with ultrasound attenuation, vascular positive remodeling, low CT density, and a high incidence of slow flow phenomena following PCI. These findings are in good agreement with those from earlier studies using T1W imaging for carotid plaque characterization in the reference of histological studies showing that HIPs correlated with complicated plaques, lipidrich cores, and intraplaque hemorrhage 59) .
Non-Contrast T1-Weighted Magnetic Plaque Imaging
Non-contrast T1-weighted imaging provides important prognostic information. The presence of a HIP in the carotid arteries predicted cardiac events, outperforming carotid intimal medial thickness and traditional cardiovascular risk factors 60) . In the coronary arteries, a case report first described a high-intensity coronary plaque going on to rupture and cause MI 61) . HIPs are quantitatively assessed by a plaque-tomyocardium signal intensity ratio (PMR). Subse- Patients with slower heart rates will produce better images ( 75 bpm). Total acquisition time to get whole heart coronary non-contrast T1WI requires 25-40 min.
Contrast-Enhanced T1-Weighted Imaging
Late gadolinium enhancement has become 3D T1W plaque imaging. MRA is routinely used in our protocols because 3D T1W sequences provide low spatial resolution and thereby fail to visualize healthy coronary artery walls, although they can identify pathological plaques. MRA scans are used to locate plaques. Practically, irregular respiratory motions and other patient movements significantly deteriorate image quality. Therefore, for successful imaging it is important to reduce patient anxiety and encourage impart stability, microcalcification is consistently associated with high-risk coronary lesions and increased risk of rupture 74) . 18F-NaF uptake in the coronary arteries has been reported in two clinical trials. Increased 18F-NaF uptake could be localized to coronary plaques and identified high-risk patients with increased Framingham risk scores 75) . In a recent study, the use of 18F-FDG and 18F-NaF was investigated in 40 patients with myocardial infarction and 40 patients with stable angina pectoris who underwent invasive coronary angiography. The authors demonstrated that 18F-NaF uptake was significantly localized to the culprit coronary plaques with high-risk features such as a large-lipid core and spotty calcification lesions, while 18F-FDG was not able to discern culprit from nonculprit lesions 76) . Despite significant detection of plaque activity, visualization of 18F-FDG activities in the coronary arteries is still challenging due to spatial resolution (4-5 mm) 77) , respiratory and heart motion, and physiological 18F-FDG uptake in the myocardium 78) . In order to suppress physiological myocardial 18F-FDG uptake, low-carbohydrate and high-fat diets have been proposed 79) . PET-CT or PET-MR hybrid imaging may allow for simultaneous evaluation of anatomical and metabolic tissue characteristics. In particular, PET-MR has the potential for evaluating patients with ischemic heart disease by delineating the area at risk by visualizing decreased 18F-FDG uptake 80) . However, MR attenuation correction is still challenging 81) .
Summary
CTA, CMR, and PET have the potential to provide a multiparametric assessment of coronary atherosclerosis, incorporating key information related to plaque burden, high-risk plaque characteristics, and disease activity. Considerable technical challenges remain in reliably translating these techniques into the coronary arteries. However, with ongoing technical advances, non-invasive imaging will play a critical role in identifying patients at high risk for ACS, and in delivering personalized preemptive therapy for coronary artery disease.
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widely used for detecting regions of extracellular expansion in the myocardium. Similarly, in carotid atheroma, gadolinium has been shown to accumulate in areas of interstitial edema, angiogenesis, and fibrosis. Although this technique can be used to image the fibrous cap, late enhancement toward the adventitia relates to deeper regions of inflammation and angiogenesis. In particular, Maintz et al. 56) and Yeon et al. 57) conducted delayed-enhancement imaging of the coronary artery wall, which showed that more severe atherosclerosis detected by CT was associated with a higher prevalence of strong delayed enhancement. In vivo, delayed enhancement showed non-specific uptake in plaques in both patients with chronic angina and patients with ACS 66) . Contrast uptake in patients with stable angina was associated with calcified or mixed plaques on coronary CTA, whereas contrast uptake in patients with ACS was transient and thus more likely related to inflammation.
PET
Inflammation plays a pivotal role in the precipitation of acute myocardial infarction, with macrophages secreting matrix metalloproteinases that weaken the fibrous cap, predisposing the plaque to rupture. Angiogenesis is another key process of plaque progression within the necrotic core and commonly observed in vulnerable lesions. The new vessels that develop are immature, leaky, and associated with intraplaque hemorrhage, which in turn can trigger abrupt plaque growth and/or rupture 67) . Thus, both inflammation 68) and angiogenesis represent key vulnerable characteristics and are imaging targets. To date, two PET tracers have been used to evaluate highrisk atherosclerotic plaques: 18F-flurodeoxyglucose (18F-FDG) and 18F-sodium fluoride (18F-NaF). 18F-FDG is a glucose analog that has been widely used as a marker of vascular inflammation in the carotid arteries on the basis that macrophages use more glucose than surrounding cells. Indeed, increased 18F-FDG uptake shows an association with high-risk anatomical plaque features in carotid arteries 69) . The arterial wall 18F-FDG uptake measurement is highly reproducible and positively correlates with macrophages gene expression. 18F-FDG activity in atherosclerotic plaques was found to be an independent predictor of subsequent cardiovascular events 70) . In addition, statin treatment results in a reduction in 18F-FDG activity in atherosclerotic plaques 71, 72) . 18F-NaF has recently been shown to preferentially bind regions of vascular microcalcification activity beyond the resolution of CT 73) . In contrast to the macroscopic calcium deposits detected by CT that 
